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We report a simple method for converting solid matrices into useful matrix solutions for
matrix-assisted laser desorption/ionization (MALDI). This method is based on the dissolution
of the solid matrix in a liquid support of low volatility such as glycerol. An appropriate
solubilizing reagent was added to promote the dissolution of the matrix materials into the
liquid support. Selection of the solubilizing reagent is empirically related to an acid-base
relationship, i.e., an acidic solid matrix requires a basic organic compound to form a stable
matrix solution in the liquid support and vice versa. A tenfold increase in the solubility can be
obtained for many solid matrices when appropriate solubilizing reagents are added into the
glycerol support. This solubility enhancement is tentatively attributed to the ion-pair forma-
tion in a polar nonvolatile liquid support. In addition, the hydrophobicity of the solid matrix
seems to play an important role in the efficiency of the resulting matrix solution. By using
glycerol as liquid support, a hydrophilic matrix, such as 2,5-dihydroxybenzoic acid (DHB),
showed a substantial “peripheral effect,” in which good analyte ion signals could only be
recorded at the peripheral region of the sample droplet. More hydrophobic matrices, such as
a-cyano-4-hydroxycinnamic acid (a-CCA), exhibit better and more homogeneous responses at
different regions of the droplets. The performance of these matrix solutions was evaluated in
terms of the durability, reproducibility, sensitivity, high mass capability, and generality. A
typical sample droplet can afford more than an hour of repeated sampling with excellent
shot-to-shot reproducibility. A low picomole sensitivity was demonstrated using a luteinizing
hormone releasing hormone (LHRH) in a Fourier transform ion cyclotron resonance mass
spectrometer with a homemade external MALDI ion source. By using a commercial MALDI
time-of-flight mass spectrometer, proteins with masses as high as 66,000 Da were successfully
analyzed by using these matrix solutions. (J Am Soc Mass Spectrom 1998, 9,
166–174) © 1998 American Society for Mass Spectrometry
Matrix-assisted laser desorption/ionization(MALDI) [1–3] time-of-flight mass spectrom-etry is a soft desorption/ionization method
for the determination of the molecular weight of mac-
romolecules such as proteins [4], oligonucleotides [5],
polysaccharides [6], and polymers [7]. The use of matrix
materials in laser desorption enhances the desorption
and ionization processes, thus permitting the analysis
of nonvolatile and thermally labile molecules. While the
exact mechanism of matrix enhancement is not well
understood, matrices such as 2,5-dihydroxybenzoic
acid (DHB) [8] and a-cyano-4-hydroxycinnamic acid
(a-CCA) [9] have shown good reproducibility and
sensitivity for the analysis of peptides and proteins.
Typical sample preparation methods involve dilution of
a small amount of analyte (1–10 pmol) in a large molar
excess of matrix molecules in solution and drying the
resulting mixture to form a solid deposit on a metal
substrate. This matrix-analyte deposit is then loaded
into a mass spectrometer and is examined by using an
intense laser pulse.
Laser desorption of solid matrix-analyte deposits
suffers from many disadvantages, such as low shot-to-
shot reproducibility, short sample lifespan, and strong
dependence on the sample preparation methods. The
low shot-to-shot reproducibility is generally attributed
to the laser-induced modifications of the surface struc-
ture of the matrix-analyte deposit and the inhomogene-
ity of the solid deposit. The latter factor also contributes
to a considerable fluctuation in mass spectra obtained
from different regions of the sample. In the past few
years, several novel sample preparation techniques
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have been developed to increase the homogeneity of the
matrix-analyte deposit. These include the use of (i)
vacuum drying [10], (ii) a “seed” layer to aid the
cocrystallization of analyte and matrix molecules [11],
(iii) a matrix precoated substrate for deposition of
analyte solutions [12, 13], and (iv) fast evaporation of
the matrix [14], which is followed by an application of
the analyte solution in a matrix insoluble solvent. The
strong dependence of these sample preparation meth-
ods on the composition of the sample, such as the
nature of the analyte molecules, the amount and nature
of impurities, and the selection of solvent systems, has,
however, limited their general applicability. In addi-
tion, these techniques must be performed by well-
trained, experienced personnel and are not convenient
for routine analyses.
The relatively short lifespan of the solid sample
limits the selection of the mass analyzer to the time-of-
flight (TOF) mass spectrometer. Magnetic sector and
quadrupole instruments equipped with a point detector
are generally not suitable for MALDI experiments.
Although the pulsed nature of laser desorption matches
that of the Fourier transform ion cyclotron resonance
mass spectrometer (FTICR-MS) and quadrupole ion
trap, the low shot-to-shot reproducibility has hindered
the optimization of the trapping conditions for high
sensitivity measurements. This is especially important
for FTICR instruments in which electrostatic optics are
used to guide and focus the desorbed ions into the trap
cell.
In these aspects, liquid matrices exhibit significant
advantages over solid matrices for MALDI. The inti-
mate mixing of the analyte and the matrix molecules
and the self-healing of the sampling position through
molecular diffusion have been shown to permit hun-
dreds of laser shots per sampling position with an
excellent shot-to-shot reproducibility [15]. However, the
use of a neat organic liquid as the matrix for laser
desorption has not been a common choice of analysis.
Among the numerous liquid matrices used for fast atom
bombardment, the only reported liquids used for ultra-
violet (UV)-MALDI have been 2-nitrophenyl octyl ether
(2-NPOE) and 3-nitrobenzyl alcohol (3-NBA) [1, 16].
Since these liquid matrices exhibit no significant ab-
sorption in the UV (.300 nm) and visible regions, their
use as effective matrices has been limited to the Nd-
yttrium aluminum garnet (YAG) laser at 266 nm. For
infrared (IR)-MALDI, glycerol, lactic acid, and trietha-
nolamine [17] have been reported as useful liquid
matrices for peptides and proteins.
Several research groups have explored alternative
approaches by doping the liquid matrices with addi-
tives in an effort to enhance the performance of the
liquid matrices. One of the approaches is to suspend
fine solid particles in a suitable liquid matrix such as
glycerol or triethanolamine. Examples include the use
of ultrafine cobalt powder (;30 nm) [18] and graphite
particles (;2 mm) [19]. Another approach involves the
dissolution of organic or inorganic compounds into a
selected liquid matrix. Rhodamine 6G, 1,4-diphenyl-1,3-
butadiene [20], and K4[Fe(CN)6] [21] have been doped
into glycerol and/or 3-NBA to produce useful matrix
solutions for MALDI at UV (337 nm) and visible (532
nm) wavelengths. These methods share a common
feature of doping an additive that is highly absorbing at
the wavelength of the laser into a nonabsorbing liquid
medium. A separate, and somewhat surprising, ap-
proach involves the mixing of two solid matrices,
namely, a-CCA and 3-amino-quinoline (3-AQ), in
methanol to produce a highly viscous liquid for use in
MALDI of oligosaccharides [22].
Currently, we are attempting to develop better meth-
ods to couple the MALDI technique with a FTICR mass
spectrometer. Early MALDI-FTICR experiments were
hampered by the short lifespan of the solid samples.
The high laser fluence required (presumably due to the
low ion transmission efficiency) limited the lifespan of
each sample position to 10–20 laser shots. The strong
shot-to-shot fluctuation also prohibited any optimiza-
tion of the experimental parameters, such as focusing
and trapping potentials. In order to circumvent this
situation, we investigated the possibility of using a
liquid matrix. Because of the absence of the strong
absorption band at 337 nm (for nitrogen laser), the
classical liquid matrices (i.e., glycerol, 3-NBA, and 2-
NPOE) could not be used alone. We therefore began a
search for other liquid matrices and matrix solutions.
In this paper, we report recent findings on the
formulation of effective matrix solutions. The basic
principle of our formulation involves the dissolution of
an existing solid matrix into a nonvolatile liquid, such
as glycerol. We found that the effectiveness of the
resultant solution as a matrix for MALDI relies on two
critical factors, namely, the solubility and the relative
hydrophobicity of the solid matrix in the liquid support.
Although the solubilities of most common solid matri-
ces in glycerol are normally too low to yield effective
matrix solutions, we have successfully enhanced their




All materials were obtained from commercial sources
and used without further treatment or purification.
Luteinizing hormone release hormone (LHRH), grami-
cidin D, bovine insulin, cytochrome c (from horse
heart), and bovine albumin were obtained from Sigma
Chemical Company, St. Louis, MO. 2,5-dihydroxyben-
zoic acid (DHB), a-CCA, 2-(4-hydroxyphenylazo)-ben-
zoic acid (HABA), 3-AQ, N-(3-aminopropyl)1,3-pro-
panediamine (APPD), diethanolamine (DEA), and
glycerol were purchased from Aldrich Chemical Com-
pany, Dorset, England. 3-indoleacrylic acid (IAA) was
purchased from Fluka Chemicals Company, Buchs,
Switzerland. High-performance liquid chromatography
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(HPLC) grade methanol and trifluoroacetic acid (TFA)
were obtained from Labscan Ltd. and Janssen Chimica,
respectively.
Fourier Transform Ion Cyclotron Resonance Mass
Spectrometer
All the FTICR-MS experiments were performed on a
4.7-T FTICR mass spectrometer (Bruker Instruments
Inc., Franzen, Germany) equipped with a homemade
external MALDI ion source. A flat probe with a sample
changer for up to eight samples at a time was installed.
The sample stage was normally held at 14.50 V. A pair
of split counterelectrodes were used for extraction of
ions, and their voltages were adjusted experimentally to
10.35 and 10.50 V for optimal transmission of de-
sorbed ions. A nitrogen laser (l 5 337 nm) (LD377ND,
Laser Science Inc., Newton, MA) was used to produce
short pulses (3 ns) of intense photons. The laser beam
was focused by a 500-mm convex lens and was reflected
into the vacuum chamber by a UV-grade mirror. Inside
the vacuum chamber, the laser beam was further re-
flected by a double prism onto the sample at roughly
45°. The laser fluence was adjusted continuously by
using a circular linear-wedge neutral density filter
(Melles Griot Inc., Boulder, CO). The FTICR instrument
was equipped with the standard Infinity Cell™ [23]. In
all of the experiments, trapping potentials of 12.5 V
were used. The distance between the sample stage and
the trap cell was roughly 1.1 m. Ion transmission from
the external source into the trap cell was achieved by
using an electrostatic lens system.
Experiments began with a deactivation of the pulse
deflectors and the entrance electrodes of the trap cell. A
delay time of 1 ms was employed before firing of the
laser. A gate time of 1.8 ms was used to allow the
desorbed ions to fly through the external source cham-
ber. The entrance electrode was then reactivated to 2.5
V to avoid substantial loss of ions through reflection
from the rear trapping electrodes. It is interesting to
point out that we did not observe any time-of-flight
effects, i.e., differential trapping of ions of different
masses owing to their differences in arrival time at the
trap cell (at least within the mass range of our interests).
All the FTICR mass spectra were obtained in broad-
band mode using 128 kb of memory. Fifty shots were
accumulated at a single sampling position. Mass spectra
were directly transformed from the time-domain sig-
nals. Unless otherwise stated, no pulsed cooling gas
was used to enhance the trapping of the desorbed ions
[24].
Time-of-Flight Mass Spectrometer
The time-of-flight experiments were performed by us-
ing a Bruker Biflex MALDI-TOF mass spectrometer
(Bruker) equipped with a two-stage gridless reflectron
mirror. Intense pulses of UV photons were generated by
using a 3-ns nitrogen laser pulse (Laser Science Inc.).
The laser energy was controlled by using a circular
gradient neutral density filter. The sample stage was
normally held at 119 and 219 kV with respect to the
grounded counterelectrode for detection of positive and
negative ions, respectively. A reflectron potential of 20
kV (positive potential for positive ions and vice versa)
was used to reflect all stable ions onto the electron
multiplier. Fifty spectra were normally accumulated to
improve signal-to-noise ratios.
Sample Preparation
Table 1 summarizes the matrix solutions investigated in
the present study. To prepare the stock matrix solution,
10 mg of a solid matrix were mixed with the solubiliz-
ing reagent and supporting liquid according to the
ratios listed in Table 1. The ratios were obtained by
using the iterative procedure described in the Results
and Discussion section and were tested to yield useful
matrix solutions for MALDI experiments. The mixture
was then sonicated in an ultrasonic bath until all solid
Table 1. Optimum ratios of matrix;solubilizing reagent;liquid support (by weight) for the preparation of useful matrix
Conventional solid matrix (M) Solubilizing reagent (R) Liquid support (L)
Ratios of M;R;L
(by weight)Compound e337 nm
a Compound e337 nm e337 nm
a-cyano-4-hydroxycinnamic acid (a-CCA) 24,200 3-aminoquinoline 2680 Glycerol 140 1;4;6
a-cyano-4-hydroxycinnamic acid 24,200 N-(3-aminopropropyl),
1,3-propanediamine
(APPD)
;0 Glycerol 140 2;1;12
a-cyano-4-hydroxycinnamic acid 24,200 3-aminobenzyl alcohol ;0 Glycerol 140 1;2;3
a-cyano-4-hydroxycinnamic acid 24,200 —b — Diethanolamine
(DEA)
20 1;0;3
2-(4-hydroxyphenylazo) benzoic acid (HABA) 11,900 3-aminoquinoline 2,680 Glycerol 140 1;5;6
3-indoleacrylic acid (IAA) 15,800 3-aminoquinoline 2,680 Glycerol 140 1;12;6
2,5-dihydroxybenzoic acid (DHB) 3800 3-aminoquinoline 2,680 Glycerol 140 5;1;30
2,5-dihydroxybenzoic acid 3800 — — Glycerol 140 1;0;6
3-aminoquinoline (3-AQ) 2680 Nicotinic acid (NA) ;0 Glycerol 140 2;10;5
aMolar absorption coefficient at 337 nm (/dm3 mol21 cm21).
b— 5 not used.
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materials were fully dissolved (;5–10 min). 20 mL of
methanol were sometimes added to the mixture (before
sonication) to facilitate dissolution of the solid materi-
als. The methanol component was always subsequently
removed by purging the solution using dry nitrogen.
5 nmol/mL of LHRH and gramicidin D solutions
were prepared in methanol. Other LHRH solutions
were prepared by successive dilution with methanol. 40
pmol/mL of insulin was also prepared in methanol. 40
pmol/mL of cytochrome c and bovine serum albumin
solutions were prepared in a mixture of methanol and
water (5:1) with 1% TFA. 1 mL of the matrix solution
was placed onto the metal sample plate, followed by 1
mL of an analyte solution. The liquids were then thor-
oughly mixed by using a capillary tube and purged
under dry nitrogen for roughly 2 min to remove any
volatile components.
Results and Discussion
A series of matrix solutions was prepared by dissolving
different solid matrices into glycerol. Similar to the
a-CCA, most solid matrices exhibit very limited solu-
bilities in glycerol. Solubility enhancement was ob-
tained through the addition of appropriate acidic or
basic solubilizing reagents. For acidic matrices such as
a-CCA, HABA, and IAA, a ten- to hundredfold solu-
bility enhancement in glycerol was obtained using
3-AQ. Figure 1a displays the MALDI FTICR mass
spectra of LHRH obtained by using the a-CCA/3-AQ/
glycerol (1:4:6 by weight) matrix solution. 5 nmol of
analyte were loaded onto the matrix solution. Intense
signals corresponding to the protonated molecules are
observed, together with some minor fragment ions.
These are typical signals that can be registered from any
position on the sample droplet. Searching for a “sweet
spot” was not required. The reproducibility and signal-
to-noise ratio of the spectrum were excellent. For com-
parison purposes, Figure 1b shows a typical MALDI
FTICR mass spectrum of LHRH (5 nmol) obtained by
using pure glycerol as the matrix. We did not observe
signals corresponding to either the analyte or the matrix
ions.
Since 3-AQ has been used as a matrix material for
MALDI analysis of polymers, the potential contribution
of the 3-AQ in the desorption/ionization of the analyte
molecules required further evaluation. In order to iso-
late the matrix effect of a-CCA, the 3-AQ was replaced
with other basic organic compounds for which the
absorption at the wavelength of the laser, i.e., 337 nm, is
Figure 1. Positive-ion MALDI-FTICR mass spectra of LHRH (5 nmol) using 1 mL of (a) a-CCA/3-
AQ/glycerol (1;4;6 by weight), (b) pure glycerol, and (c) 3-AQ/NA/glycerol (2;10;5 by weight)
matrix solutions.
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negligible. Examples of these nonabsorbing basic solu-
bilizing reagents are APPD, 3-aminobenzyl alcohol (3-
ABA), and DEA. The resultant matrix solutions were
tested and found to yield MALDI spectra comparable to
the a-CCA/3-AQ/glycerol system. Because DEA is a
viscous liquid by itself, no glycerol was needed in the
a-CCA/DEA system. Although APPD is also a liquid at
room temperature, its vapor pressure is too high for
APPD to serve as a supporting liquid. Matrix solutions
formulated by combining a-CCA and APPD rapidly
dried out under high vacuum conditions. In this case,
glycerol was used to sustain liquidity.
An analogous formulation of matrix solutions can
also be applied to basic matrix materials. For instance,
the use of nonabsorbing (at 337 nm) nicotinic acid (NA)
can enhance the solubility of 3-AQ in glycerol. Figure 1c
illustrates the MALDI-FTICR mass spectrum of LHRH
(5 nmol) obtained by using the 3-AQ/NA/glycerol
(2:10:5 by weight) matrix solution.
Almost all the matrix solutions listed in Table 1 were
found to work well from spot to spot and from sample
to sample, regardless of whether the matrix-analyte
mixture was present as a large droplet or a thin layer.
The lifespan of the sample was excellent and allowed
thousands of laser shots. The analyte ion signal at any
sampling position did not decrease significantly after an
hour of repeated acquisition.
It is important to note that the matrix solutions
derived from DHB (with and without 3-AQ) and glyc-
erol behaved very differently as compared with the
other matrix solutions listed in Table 1. The DHB
systems exhibited a substantial “peripheral effect” in
which analyte-ion signals could only be obtained at the
peripheral region of the sample droplet. A similar effect
has been reported previously using a K4[Fe(CN)6]/
glycerol matrix solution [21]. In addition, the signal
intensities obtained by using these DHB matrix solu-
tions were relatively weak and the sample lifespan was
much shorter than with the other matrix solutions in
Table 1. These observations were tentatively attributed
to the relatively high hydrophilicity of DHB. In fact,
DHB dissolves readily in glycerol without any addition
of a solubilizing reagent such as 3-AQ. It is believed that
the relatively high hydrophilicity of DHB leads to an
intimate mixing of DHB in glycerol, resulting in a
relatively low matrix concentration at the surface of the
sample droplet in comparison to other matrix solutions.
The enhanced signal intensity at the peripheral region
of the sample droplet can be explained by the “Ma-
rangoni effect,” in which DHB on the surface is trans-
ported rapidly across the surface and to the periphery.
Similar effects have been observed in fast atom bom-
bardment mass spectrometry (FAB-MS) using glycerol
as a liquid matrix [25].
Systematic studies were performed to determine
factors that affect the efficiency of these acid-base
matrix solutions, and to explore their sensitivities and
high mass capabilities for the analysis of biomolecules,
such as peptides and proteins.
Solubility Diagram for a-CCA and 3-AQ in
Glycerol
The quantity of the solubilizing reagent in the liquid
support was found to be a critical factor that governs
the solubility of the matrix material. We investigated in
detail the solubility diagram for a three-component
system, namely 3-AQ and a-CCA in glycerol. An initial
experiment was performed by preparing a saturated
solution of 3-AQ in 30-mg glycerol. Solid a-CCA was
then added to this solution in stepwise portions of
100–300 mg. After each successive addition of the solid,
the mixture was sonicated in an ice-cooled water bath to
accelerate solubility equilibration. When the added a-
CCA failed to dissolve after prolonged sonication, the
solution was deemed to have reached the solubility
limit for a-CCA in the presence of 3-AQ. Although all
the materials could be accurately weighted, the uncer-
tainty of this solubility limit (x-error bar) was quantita-
tively equal to the amount of a-CCA added at the last
portion. The experiment was then continued by the
addition of 3-AQ into the solution until excess 3-AQ
failed to dissolve. This marked the corresponding sol-
ubility limit for 3-AQ in the presence of a-CCA. The
uncertainty of this solubility limit (y-error bar) was
again equal to the amount of 3-AQ added at the last
portion. These iterative procedures were repeated three
times to obtain sufficient data to construct the solubility
diagram for a-CCA and 3-AQ in glycerol (Figure 2). In
order to increase the number of data points, this exper-
iment was repeated using two different initial condi-
tions, i.e., using 1/3 or 2/3 of the quantity of 3-AQ
required to prepare a saturated solution of 3-AQ in
30-mg glycerol.
Figure 2 exhibits the solubility diagram for the
a-CCA and 3-AQ in glycerol. The lower line illustrates
the effect of 3-AQ on the solubility limit of a-CCA in
glycerol; the upper line demonstrates the effect of
a-CCA on the solubility limit of 3-AQ in glycerol. The x
Figure 2. The solubility diagram for the a-CCA and 3-AQ in
glycerol.
170 SZE ET AL. J Am Soc Mass Spectrom 1998, 9, 166–174
intercept of the lower line and the y intercept of the
upper line denote the solubility limits for pure a-CCA
and 3-AQ in glycerol, respectively. It is clearly shown
that the presence of 3-AQ can stoichiometrically en-
hance the solubility of a-CCA in glycerol and vice
versa. The area embedded between the two lines rep-
resents the solubility region in which both 3-AQ and
a-CCA are simultaneously soluble in glycerol. The
dotted lines represent linear extrapolation of the solu-
bility limits and demonstrate the ultimate saturation
point (thermodynamic limit). Attainment of this solu-
bility limit is, however, very difficult. The viscosity of
the liquid support increases rapidly as the amount of
the 3-AQ and a-CCA in glycerol is increased. At a
certain level of a-CCA and 3-AQ loading, the rate of
dissolution becomes so slow that practical dissolution
of further a-CCA and/or 3-AQ becomes impossible
within a reasonable time (kinetic limit).
Effect of Matrix Concentration
Because the presence of a proper matrix material in the
liquid support is a prerequisite for successful MALDI
experiments, it is particularly important to characterize
the dependence of the quality of the MALDI mass
spectrum on the concentration of matrix materials in the
glycerol support. We prepared a series of matrix solu-
tions with different concentrations of a-CCA and 3-AQ.
While the LHRH loading was maintained at 5 nmol, the
ratio (by weight) of a-CCA and glycerol was systemat-
ically varied from 1;2 to 1;48. A ratio of 1;4 for a-CCA
to 3-AQ was used in this study and was kept constant.
Figure 3 illustrates the FTICR intensity variation of proto-
nated LHRH at different matrix concentrations. The min-
imum ratio of a-CCA to glycerol to achieve a good signal
is roughly 1;24. A lower matrix concentration failed to
generate any detectable LHRH ion under our experimen-
tal conditions. As the ratio of a-CCA to glycerol increased
above 1;24, the intensity of the LHRH ions increased,
then leveled off above a ratio of 1;6. It is postulated that
the concentration of the matrix molecules at the surface
of the droplet governs the effectiveness of the matrix
solution. At very low matrix concentrations, the desorp-
tion and ionization process(es) for the analyte mole-
cules might be relatively inefficient. As the matrix
concentration increases, the surface of the sample drop-
let is first enriched, then eventually saturated, at which
point the ion signal intensity saturates.
Sensitivity
Sensitivity is one of the key factors for grading the
performance of a particular matrix system. A good
matrix system should be able detect the analyte at trace
levels. To test the sensitivity of these matrix solutions, a
series of LHRH solutions with different concentrations
was prepared by successive dilution of a stock solution
(5 nmol/mL) using methanol. Figure 4 exhibits a plot of
the signal for protonated LHRH against the loading of
LHRH using two different matrix solutions, namely,
IAA/3-AQ/glycerol and a-CCA/DEA. These experi-
ments were performed using the FTICR mass spectrom-
eter. At a very low analyte concentration (i.e., ,5 pmol),
no LHRH ion was detected. At 5-pmol sample loading,
a small but detectable LHRH signal was observed. As
the sample loading was increased from 5 to 50 pmol, the
signal increased rapidly. A further increase in sample
loading above 50 pmol did not result in significant
changes in the LHRH ion intensity. Both matrix solu-
tions seem to behave in a very similar manner. It is
interesting to observe the nonlinear response of the
signals at high sample loadings (.50 pmol). It has been
reported that use of 3-NBA (a liquid matrix for MALDI
that absorbs at 266 nm) leads to the formation of
molecular cluster ions at high sample loading [15].
Figure 3. Effect of the concentrations of a-CCA/3-AQ (1;4 by
weight) in glycerol on the signal intensities of the protonated
molecule ions of LHRH.
Figure 4. Effect of the sample loading on the signal intensities of
protonated LHRH with IAA/3-AQ/glycerol (1;12;6 by weight)
(filled circle) and a-CCA/DEA (1;3 by weight) (open circle) as
matrix solutions. 1 mL of matrix solution was used in each
experiment.
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Because of the low trapping and detection efficiency of
the present instrumental arrangement for high mass
ions (high axial kinetic energies), it is not surprising to
see no dimeric or trimeric ions. It is also worthwhile to
stress that the sensitivity limit of LHRH using these
matrix solutions might also be limited by the low
transmission and/or ion trapping efficiency of the
FTICR instrument.
High Mass
Figure 5a and b illustrates the MALDI-FTICR mass
spectra of gramicidin D using an a-CCA/3-AQ/glyc-
erol matrix solution under different acquisition condi-
tions. Figure 5a was acquired using the pulse-gas cool-
ing method [24] to enhance the detection efficiency,
whereas Figure 5b was obtained using a conventional
trapping and detection method. In the pulse-gas cooling
method, a short pulse (;1.2 ms) of CO2 was admitted
into the cell region soon after the trapping of the
laser-desorbed ions. The pressure was momentarily
increased from 1029 to 1027 Torr. Excitation and detec-
tion of trapped ions were performed after a brief delay
of ;1 s, in which the cell pressure was pumped back to
1029 Torr. It was found that the ion detection efficiency
and mass resolution of the FTICR-MALDI mass spec-
trum were substantially improved. We attribute these
observations to the reduction of the axial translational
energy of the MALDI-desorbed ions through multiple
collisions inside the trap cell. Attempts to measure
higher mass molecules using the present setup were not
successful. This might be caused by the inability of the
present instrument to compensate for the high initial
desorption kinetic energy of the MALDI-derived high
mass ions, which subsequently leads to poor ion trap-
ping performance.
In order to demonstrate the capability of the various
matrix solutions for measurement of high mass mole-
cules, we performed systematic studies using a com-
mercially available TOF instrument. Figure 6a demon-
strates the MALDI mass spectrum of a protein mixture
(composed of 40 pmol each of bovine insulin, cyto-
chrome c, and bovine albumin) using a HABA/3-AQ/
glycerol matrix solution. The spectrum was a sum of 50
laser shots at a single sampling spot. Intense signals for
all protein components can be observed. The spectral
results were highly reproducible and could be obtained
using other sampling positions. Similar results were
also obtained using other matrix solutions such as
a-CCA/3-AQ/glycerol (see Figure 6b).
Figure 6c shows the MALDI-TOF mass spectrum of
the protein mixture using an a-CCA/DEA matrix solu-
tion. Although signals corresponding to intact proton-
ated molecules of each protein component were found,
Figure 5. Positive-ion MALDI-FTICR mass spectra of gramicidin D (5 nmol) (a) with and (b) without
the use of the pulse-gas cooling method. a-CCA/3-AQ/glycerol (1;4;6 by weight) was used as the
matrix solution.
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a substantial shift of the mass centroids and broadening
of the analyte peaks were observed. All the analyte
peaks appeared to have centroids at higher masses than
expected. It is interesting to note that such mass shifts
and peak broadening were not found using other ma-
trix solutions, such as a-CCA/3-AQ/glycerol, and were
not observed in MALDI-FTICR mass spectra of LHRH
using the same a-CCA/DEA matrix solution. It is
therefore suspected that high molecular weight analytes
favor the formation of adduct ions with DEA moieties,
and lead to a high mass shift of the centroid. In order to
account for the broadening of the ion peaks, a substan-
tial decay of the adduct ions was believed to occur
within the acceleration regions. Nevertheless, it can be
shown that high molecular weight molecules can be
easily analyzed with these matrix solutions.
Conclusions
In comparison with earlier reports [19, 20], the scope of
the present formulation method for matrix solutions is
much wider, and can convert most of the solid matrices
to the corresponding solution forms to suit different
classes of analytes, such as peptides, oligosacharrides,
and polymers. Because the matrix solutions produce
analyte signals with excellent shot-to-shot and sample-
to-sample reproducibility, they are well suited for those
experiments that require a stable production of analyte
signal over an extended period of time (from minutes
up to hours). Typical examples include tuning of the
instrument and interfacing MALDI with scanning-type
mass spectrometers, such as a magnetic sector instru-
ment. In terms of sensitivity and mass resolution, the
performance of matrix solutions in MALDI-TOF re-
mains inferior as compared with the conventional solid
matrices. It is, however, perceived that the analytical
utility of matrix solutions in MALDI-TOF might be
improved by using (a) a smaller matrix droplet and (b)
delayed-ion extraction technique.
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